A steady fluid flow, called microstreaming, can be generated in the vicinity of a micro-bubble excited by ultrasound. In this article, we use this phenomenon to assemble and power a microfabricated rotor at rotation speeds as high as 625 rpm. The extractible power is estimated to be on the order of a few femtowatts. A first series of experiments with uncontrolled rotor shapes is presented, demonstrating the possibility of this novel actuation scheme. A second series of experiments with 65 m rotors micromanufactured in SU-8 resin is then presented. Variables controlling the rotation speed and rotor stability are investigated, such as the bubble diameter, the acoustic excitation frequency and amplitude, and the rotor geometry. Finally, an outlook is provided on developing this micro-rotor into a MEMS-based motor capable of delivering tunable, infinitesimal rotary power at the microscale.
Introduction
Since the 1990's, there have been significant research efforts devoted to the development of micro-motors and actuators. These devices are for instance needed for novel power supply schemes for microelectronic devices [1] [2] [3] , for biomedical applications where micro-motors [4] drive drug delivery systems, surgical tools, probes, and for biomechanical actuators for biological cells [5] . Two approaches can be used to achieve these ends. A first approach is to miniaturize an existing macroscopic concept. With photolithography, micro gas turbines [1] [2] [3] , a miniature Wankel engine [6] , and electrostatic micro-motors [4] have been created. These prototypes are remarkable due to their complexity and high power density, on the order of 100MW/m 3 . Miniaturization, however, presents inherent difficulties because the ratio of surface forces to volume forces is inversely proportional to the device size. Therefore, friction, wear, and geometric tolerance issues become challenging at the microscale. The second approach to develop micro-motors and actuators takes advantage of the increasing importance of surface forces inherent to the miniaturization process. This way, designs of greater simplicity can be produced, exemplified by the bubble-jet printing technology, where an explosive bubble acts as a piston [7] , or a recently demonstrated linear propulsion system driven by a bubble oscillating in a channel [8] . It must be stated that these simpler designs sometimes go along with complex thermofluidic phenomena [9] , because of the strong coupling of transport phenomena, and the very small time and space scales involved. The novel rotor actuation concept that we present also takes advantage of this second approach, using the micro-flow in the vicinity of a sonicated micro-bubble to assemble a micro-rotor on top of a microbubble and induce a steady rotation of the rotor.
The working principle of the micro-rotor presented here can be described as follows.
When a gas bubble in a liquid is excited by ultrasound, it oscillates according to the RayleighPlesset equation [10] . For a free-floating bubble, the surrounding liquid participates to these oscillations with a symmetrical, radial motion. In the case where the oscillating bubble is attached to a solid wall, as in the case relevant to this article, the motion of the surrounding liquid is not radially-symmetrical anymore and the bubble-liquid interface exhibits a coupling of radial and translational motion, through respective expansion (or contraction) and translation perpendicular to the wall. This specific liquid motion involves a first order, high-frequency, oscillatory flow, as well as a second-order, low-frequency, steady vortical flow. This latter flow, called acoustic streaming, has been expressed by Longuet-Higgins [11] for a bubble in bulk liquid with a viscous stream function ψ 1 involving a finite number of Stokes singularities as
In the above equation, d is the bubble diameter, r is the distance to the bubble center, θ is the angle with the axis of translation of the bubble, and the base stream function ψ 0 is function of the bubble size, the phase shift between the radial and translational oscillations of the bubble, and the oscillation frequency and amplitude. The velocities are easily derived from the stream function [11, 12] . The presence of a wall attached to the bubble can be handled by adding a system of mirror singularities to the above stream function [13] , and the full derivation of the stream function for that particular case is presented in [14] . Qualitatively, the steady flow resulting from the sonication of a microbubble attached to a wall corresponds to a vortical flow structure that is radially symmetric with respect to the normal vector to the surface where the bubble is attached. In simpler words, the streamlines have the donut-shaped pattern shown in Figure 1a . The analytical solution shown in Figure 1a agrees reasonably well with flow visualization using particles as tracers [14] , both in terms of flow structure and velocities, with a maximum velocity magnitude on the order of 1 mm/s. This acoustic streaming flow, also called microstreaming, was recently investigated theoretically [11] and exploited to control the deformation and rupture of biological vesicles [13] . As demonstrated by the experiments below, this microstreaming flow can also be exploited to assemble a microrotor on the surface of a bubble and control its rotation speed. This novel process works with two kinds of rotors: rotors with uncontrolled shapes (section 2) and rotors with controlled, micromanufactured shapes (section 3 and 4).
Feasibility of a bubble-powered micro-rotor
This section describes the experimental setup and a first series of experiments that demonstrate the feasibility of actuating a micro-rotor by a sonicated bubble.
Experimental setup
The experimental setup is shown in Figure 2 . Experiments take place in a 10 mL glass cuvette with a piezoelectric ceramic transducer (PZT) glued to its bottom. The transducer allows for the generation and control of a standing pressure wave in the fluid contained in the cuvette. In the cuvette, a resistance microheater (Heraeus, Germany) generates isolated micro-bubbles on its surface by gas desorption from the gently heated liquid. The fluid temperature increase T due to the microheater use can be estimated by equating the enthalpy change of the liquid in the 
Preliminary experimentation with polymer spheres and debris
In order to visualize the flow, polymer spheres were mixed with water in the cuvette chamber.
Using acoustic waves at 180 kHz and bubbles about 40 m in diameter attached to the surface of the much larger resistance heater, steady microstreaming flows were observed in the vicinity of the sonicated bubbles. The flow pattern was found to correspond to the analytical flow pattern shown in Figure 1a .
Flow visualization experiments were performed with polymer spheres (Eichrom Technologies Inc., Pre-Filter Resin) introduced in water to mimic more precise Particle-ImageVelocimetry (PIV) methods [15] . The 110-150 micrometer particles were crushed in order to obtain smaller particles that would better follow the flow. The general flow pattern was found to agree quantitatively and qualitatively [14] with the simulation in Figure 1a . Remarkably, we found that larger polymer debris [14] such as the slightly asymmetric spherical cap depicted in Figure 3 , were attracted to the surface of the bubble upon which they would begin to rotate, in the configuration shown in Figure 3 , where the wall is vertical at the left of the bubble. This process was repeated with debris of various shapes and sizes comparable to the bubble, and occurred according to the three following steps: (1) a debris caught in the vortical microstreaming flow moves towards the bubble along one of the streamlines depicted in Figure   1 , (2) the debris self-centers on the surface of the bubble, and (3) the debris starts rotating around the bubble's axis of symmetry, most likely due to the symmetrical nature of the microstreaming flow. These three steps describe a self-assembly and actuation process that takes approximately 1 second. The rotor pictured in Figure 3 rotated at a speed of 300 rpm [14] . Also, experiments 
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in [14] showed that the rotor frequency could be controlled by varying the acoustic frequency.
This first series of experiments showed the possibility of actuating a micro-rotor by acoustic waves, but did not allow any control or measurement of the rotor geometry. 
Manufacturing micro-rotors with controlled geometries

Actuation and characterization of the micro-fabricated micro-rotors
This section describes the actuation process of the micro-rotors and characterizes the parameters affecting rotation speed and stability.
Micro-rotors assembly and actuation
The assembly and actuation of the micro-rotors was done using the procedure detailed in section 2.2, which involves the successive steps: a micro-bubble is generated on the surface of a millimeter-size heater, ultrasound creates a microstreaming flow that attracts one drifting rotor towards the bubble, the rotor self-centers on top of the bubble, in the configuration of Figure 1c , and starts rotating. Since thousands of rotors were drifting in the cuvette, the assembly could be made in a relatively quick and reproducible manner. The observed direction of the rotation is shown by arrows in Figure 4 . Using an appropriate intensity and frequency of ultrasound, a rotor would rotate for several minutes on top of the bubble.
Characterization
Using video microscopy, we observed the trajectories of the rotors in the cuvette: they would drift slowly in a linear motion, both in the presence or absence of ultrasound. However, once the ultrasonic excitation would induce the self-assembly of a rotor on top of a sonicated bubble, the rotor would start to rotate in a plane parallel to the wall where the bubble was sitting. We verified that the rotation was caused by the conjunction of the ultrasound and the bubble-rotor coupling by stopping the acoustic excitation: the rotor would immediately disassemble from the bubble and start drifting away without visible rotation.
The rotation angle  and the rotation speed n were measured by visual inspection of high-speed videos of the rotating rotor. A typical frame rate was 328 frames per second, and the relative error in rotation speed was estimated as +/-the inverse of the number of frames observed for one full revolution. Our characterization study identified that the rotation speed n depends on the following parameters: the angle  between the rotor plane and the solid surface where the bubble sits; the bubble diameter d; the driving ultrasonic frequency f; the voltage applied to the piezoelectric transducer V trans ; and the type of micro-rotor geometry (A1, A2, or B2 as shown in Figure 4 ). The uncertainty on the bubble diameter was estimated to be +/-2 pixels in the image plane, corresponding to +/-1 micrometer. The largest rotation frequencies and most stable experiments were obtained with ultrasound excitation frequencies corresponding to the natural frequency of the cuvette (161.6 kHz) and with bubbles with diameters close to 40 micrometer.
Influence of ultrasonic excitation frequency
The frequency response of the micro-rotors was assessed by varying the frequency of the acoustic excitation in the vicinity of the frequency maximizing the rotation speed. Figure 5 depicts the respective frequency response of type B2 micro-rotors. Similar curve shapes were obtained for the other two types of rotors (A1 and B1), although with lower maximum rotation speeds. Clearly, the rotation speed is maximized when the excitation frequency matches the resonant frequency of the bubble-cuvette system. The frequency response curve is analogous to the frequency response of linear spring-inertia-dashpot system [16] , where the response is relatively constant for under-critical excitation frequencies, peaks at the natural frequency, and vanishes for over-critical excitation frequencies. In the system described here, the surface tension is the spring, and the inertia and dashpot correspond to the complex motion of the fluid and its interaction with the propeller. In the case of the micro-rotor, over-critical excitation frequencies would sometimes correspond to cases where the rotor stops turning. Obviously, the rotation speed is very sensitive to the excitation frequency. This high sensitivity is interesting since excitation frequency is a parameter that is easy to control with a high precision.
Influence of the bubble diameter
Our experiments in Figure 6 describe the relation between the rotor rotation speed and the bubble equivalent diameter đ (the diameter of a spherical bubble with a similar volume as the spherical cap volume). Five sets of data are plotted, with the excitation frequency and voltage being kept constant within each set. The data in Figure 6 shows a peak in micro-rotor rotation speed for a bubble diameter of 36 micrometer, with rotation speeds decreasing with increasing bubble diameter.
This behavior can be explained by considering that the bubble diameter d and bubble natural frequency f b are related by the relation df b =6 m/s [10] . This relation predicts that a bubble with a resonance frequency that matches the cuvette resonant frequency of 161.6 kHz has a diameter of 38 m. It is therefore a reasonable guess to assume that exciting a bubble at its resonance frequency would maximize the associated microstreaming and the rotation speed of the rotor. It is worth mentioning that we were not able to perform experiments with bubbles smaller than this optimal diameter, except at the lowest excitation voltage of 20V. This can be explained by the fact that the rate of interfacial diffusion of the bubble gas into the water increases with ultrasound level and bubble curvature [10] , causing smaller bubbles to shrink and disappear within seconds.
Voltage applied to the piezoelectric transducer
In Figure 7 , the rotation speed is plotted as a function of the voltage applied to the transducer, for a rotor of type A2. The rotation speed increases monotonically with the transducer voltage V , trans which can be explained by the fact that the energy delivered to the system increases. A linear regression best fit of the experimental data for A2-geometry gives the following equation
[rpm]. It must be mentioned that the streaming speed usually grows quadratically with the ultrasonic intensity, a behavior characteristic of the second-order streaming flow trans [11, 17] . Given the narrow range of voltages used in Figure 7 , it is difficult to determine if the voltage-rotation speed relationship is linear or quadratic. The reason our measurements were performed only for a relatively narrow interval of voltages is that voltages higher than 80V would make the rotor wobble and leave the bubble. It must also be mentioned that more direct ways exist to measure the energy delivered to the system, such as a needle hydrophone, but this device was not available for our measurements.
Influence of rotor geometry
High-speed visualization and measurements were made with the three types of rotors to determine what rotor geometry (type A1, A2 and B2 as shown in Figure 4 ) would work best.
The rotor geometry was found to influence the rotation in three ways: the regularity of the rotation, the rotation angle  between the rotor plane and the solid surface plane, and the rotation speed n. In most cases, a large value of  would correspond to unstable rotation and detachment of the rotor from the bubble. A1-type rotors were observed behaving erratically, e.g. making a revolution in one direction, and then revolving in the reverse direction, in addition to changing their contact point over the surface of the bubble. A2-type rotors typically rotate with  =15 to 30, probably due to the misalignment between the two layers, but never span erratically.
Finally, the best results were obtained with B2-type rotors: they rotate with  = 0 and with high regularity. Furthermore, the maximum rotation speeds observed for the A1, A2, and B2 rotors were 33 rpm, 300 rpm, and 625 rpm, respectively. These results confirm that geometry is a critical parameter for rotor stability and maximizing rotor rotational speeds. Furthermore, these results show that the double layer design, which more accurately mimics the winged seed shown in Figure 4 , is more stable and rotates about 20 times faster than the single layer design. Also, our results suggest that misalignment between the two layers should be minimized for stability and efficiency purposes, as exemplified by the better stability and rotation speed of rotors B2 in comparison with rotors A2. To this end, it is evident that optimizing rotor geometry is critical to maximizing rotational speed and extractible power. This is however not a trivial task, because the physics of the problem involves the complex coupling of high-frequency, transient ultrasound and free surface oscillations with a steady, second-order, highly viscous flow, as well as the interaction of this complex flow with a complex solid shape that is free to move.
Power output
The power output of these rotors can be estimated as follows. At low Reynolds numbers, the power given by the fluid to the rotor is approximately equal to the viscous dissipation that would be produced by the rotation of a similar rotor, at a similar speed, in a quiescent fluid. Von
Karman solved the laminar flow created by a rotating disk, and the corresponding torque on one side of the disk is given in [18] as 3 4 32 62 . 0
, where  is the density and  is the kinematic viscosity of the surrounding fluid. The rotary power can therefore be estimated as
Using the physical properties of water, the diameter of the manufactured rotor, and a rotation speed of  = 65/s (625 rpm), we obtain a power output on the order of P = 74 femtowatt.
This is obviously a very low power, however it is obtained by a very simple, self-assembled microdevice and can be precisely tuned by e.g. tuning the excitation frequency. The efficiency of the rotor actuation can be estimated by the ratio of the power output of a single rotor and the power needed by the electric amplifier (Krohn Hite 7600M, 200W input power) that drives the piezoelectric actuator. Obviously, the efficiency of a motor built on this principle would be extremely small, however it is a common feature of micro-actuators. For instance the widelyused thermal ink-jet actuator has an efficiency on the order of 1x10 -4 [19] . Our opinion is that the success of a micro-actuator is not primarily driven by energy efficiency, but rather by issues such as compactness, ease of manufacturing, ease of actuation and control, and adequacy to the task.
Outlook
A tentative design to extract rotary power from the rotor presented in this article is proposed in Figure 8 . A sub-micrometer diameter shaft can be attached perpendicularly to the rotor to transmit the mechanical power through the bubble and the solid wall. Multiwall carbon nanotubes can be used to build the shaft, because they have a sub-micrometer diameter, can sustain a torque three orders of magnitude higher [20] than the one provided by the rotor, and exhibit extremely low relative friction. Therefore, an outer tube will be glued to the wall where the bubbles will be generated, with e.g. patterned micro-heaters, while the inner tube will remain attached to the rotor. It is worth mentioning that a microbubble can easily form around a solid structure (the shaft in the present case) if the wetting properties of the solid structure are selected carefully. The eventuality that the bubble might 'pop out' because an object goes through it is only relevant to bubbles much larger than the one used in this study. Alternatively, biofibers can be used as a shaft. This system may also be scaled down, provided that the bubble is sufficiently stable to degassing [10] , an issue which can be addressed with surfactants and the use of different gases and liquids. Furthermore, because only one dimension is required to control the frequency of a standing acoustic wave, concentric geometries can be used to minimize the total volume of the micromotor housing, as shown in Figure 8a . It is also possible to fit several motors in series in a space as thin as human hair, as pictured in Figure 8b . Finally, remote activation (through acoustic wave) allows design and activation of micro-motors in parallel, as well as selectivity between bubbles of different sizes. By conveniently controlling the excitation amplitude and frequency, the proposed micro-motor solutions will be capable of delivering infinitesimal torque at the microscale, with applications in micromixing and controlled excitation of biological structures with a rotary motion.
Conclusions
The feasibility of an acoustic, bubble-powered micro-rotor is demonstrated. A steady vortical microstreaming flow is used to self-assemble and actuate a micro-rotor on the surface of the bubble. Measurements with a high-speed camera have determined how the rotation speed and stability is affected by the bubble diameter, the excitation frequency and voltage, and the rotor geometry. Our measurements show that the frequency response of the rotor to the excitation frequency is analogous to the frequency response of a linear spring-inertia-dashpot system. High sensitivity to the excitation frequency provides a convenient way to control the rotation speed.
Finally, designs are presented that will allow the use of this micro-rotor concept to apply controllable and infinitesimal torque at the microscale. 
